The hybrid integration of polymer and silica in optical waveguides can yield devices that combine the excellent thermo-optic properties of polymers and the superior passive waveguiding properties of silica. The large difference and opposite sign of the thermo-optic coefficients of both classes of materials can be utilized to create athermal waveguide devices. In addition, it can be utilized in thermo-optic devices to induce local changes in the refractive index with boundaries that are sharply defined by the material interfaces and not by gradual thermal profiles. This can also yield devices with attractive thermo-optic behavior.
INTRODUCTION
Both polymers and silica are used as waveguide materials in integrated optical devices. Polymers are mainly applied in thermo-optic devices because of their excellent thermo-optic properties.
1 Their thermo-optic coefficient dn polymer /dT is about -10 °C -1 in rubbery polymers, while their thermal conductivity T c is as low as 0.2 Wm -1 K -1 . The propagation loss in fiber-compatible polymer waveguides @ 1.55 µm ranks between 0.1 and 0.5 dB/cm. Silica is widely used in passive, silica-on-silicon devices, like arrayed waveguide gratings (AWG's) and splitters, because it provides very low optical loss waveguides. 2 The best silica waveguides have loss rates of 0.01 dB/cm. However the thermo-optic coefficient of silica, dn silica /dT, of + 10 -5 ºC -1 is more than an order of magnitude smaller than that of polymers, while its thermal conductivity of 1.4 Wm -1 K -1 is 7 times larger than that of polymers. The required activation power in thermo-optic devices is inversely proportional to the thermo-optic coefficient of the waveguide and proportional to its thermal conductivity. Therefore silica devices require two orders of magnitude more power for activation than polymer devices. The hybrid integration of polymer waveguides for thermo-optic activation and silica waveguides for passive functions is an approach where the best properties of both material systems are utilized to realize devices with enhanced performance. Polymers provide attractive properties for this approach, because high quality polymer layers can be deposited by simple, low temperature spincoating techniques onto silica waveguide structures. In addition polymers can be designed to yield good planarization, gap filling and adhesive properties. Moreover, the refractive index of polymers can be finely tuned in a broad range to make it compatible to silica waveguides. Additional properties that can be utilized in the hybrid integration of polymers and silica in order to realize attractive devices are the difference in magnitude and sign of the thermo-optic coefficients. They can be used to make channel waveguides with an athermal effective index by applying a polymer cladding onto silica cores. Another way to athermalize AWG's and other interferometric devices, based on the large difference in thermo-optic coefficients of polymers and silica, is to make optical path lengths or optical path length differences athermal by inserting small polymer segments in the core of silica waveguides. The difference in thermo-optic coefficient can be also be utilized to induce regions with different refractive indices. These regions have boundaries that are sharply defined by the material boundaries and not by a gradual thermal profile. This can also yield efficient thermo-optic switching effects. This paper presents a few examples of attractive hybrid polymer/silica waveguide devices.
POLYMER FILLED GAPS IN SILICA WAVEGUIDES
The thermo-optic coefficient of rubbery polymers is so large that in some applications a waveguide section of less than 50 µm is sufficient to create the required phase change. In fiber-compatible waveguides, a non-waveguiding gap of that size can be bridged without excessive loss due to diffraction. A simple to realize, polymer filled hole in silica channel waveguides can then be applied. Fig. 1 shows an example of such an approach (by NTT) applied in an AWG's in order to make it athermal. The triangular groove is designed such that the thermal change of the optical path differences in the silica waveguide channels is compensated by that of silicone filled gaps in these channels. The much larger (by a factor of 40) thermooptic coefficient of silicone compared to silica keeps the gap width at acceptable values for low excess loss. An excess loss of 2 dB was reported. The gap loss G L in dB's is described by:
where λ is the wavelength, g is the gap, r is the spotsize radius of the mode and n is the refractive index of the polymer in the gap. The loss @ 1.55 µm in a gap of 50 µm filled with a polymer having a refractive index of 1.45 for channels with r=5 µm is less than 0.5 dB. The nonlinear dependence of G L on the gap size suggests segmentation of the gap in smaller gaps to reduce the loss. Five cascaded gaps of 10 microns yield a loss of only 0.1 dB. This segmentation approach has been applied by NTT to reduce the gap loss in their athermal AWG. 5 Less than 0.4 dB was reported for a 16 channel 100 GHz spaced AWG.
Mach Zehnder interferometric switches or attenuators are excellent devices for the gap filling approach. To illustrate this, the required phase shift of π is calculated using an active elastomeric waveguide section. The thermo-optic coefficient for this material dn polymer /dT= -5.10 -4 ºC -1
. Assuming a moderate temperature rise of say 30 degrees and a wavelength of λ=1.55 µm and an active section length G in µm, the phaseshift ∆φ will be:
The required length of the active section is therefore only 50 µm and the simple gap filling procedure would already give good results in a Mach Zehnder interferometer. A schematic picture of such a device is shown in fig.1 . After the fabrication of the silica-on silicon device, holes are etched into the channel. These holes are backfilled with a liquid monomer that is UV or thermally cured to form the polymer. The heaters are defined onto the silica. They are meandering around the gaps for quick and efficient heating of the polymer. The required power dissipation P to get a certain temperature increase ∆T of the waveguide core is:
where T c is the thermal conductivity of the waveguide layer on the silicon substrate, A is the heater area and t is the thickness of the waveguide layer. It is assumed that the core temperature increase is about half the temperature increase of the heater. The heater area is about equal to the gap area and this is about the product of the required active section length G and twice the waveguide width, say 20 µm. The thickness of the waveguide layer is typically 30 µm. . K -1 ) is used in the calculation, a worst-case value for P is found. This yields a power dissipation of only 6 mW for a phaseshift of π.
POLYMER CHANNEL WAVEGUIDE SECTIONS IN SILICA WAVEGUIDES
Hybrid polymer/silica waveguide devices based on polymer and silica channel waveguide sections are described in a patent by Kenney at al. 6 Here we analyze a directional coupler switch as shown in fig. 2 . In the coupling region one of the two waveguide cores is made of polymer. A heater on top of the polymer waveguide activates the device. This induces a strong (effective) refractive index difference between the two waveguides due to the different sign of the thermo-optic coefficients of the two materials. A monolithic version, which depends on the weak slope of the temperature profile in the cross section of the coupling region, is less efficient due to the close proximity of the channels in that region. The required switch power for a single coupling length device can be estimated from the condition for reducing the coupling efficiency for the cross state from 100% to 0. This requires a difference in effective indices ∆N that satisfies the following equation: where L is the coupling length. The difference in effective indices can be approximated by the difference in the refractive indices: ∆N~∆n. This in turn is about the change of the refractive index in the polymer only because of its much larger thermo-optic coefficient: ∆n~ (dn polymer /dT).∆T, where ∆T is the temperature change of the polymer core required for switching.
The required refractive index change for the polymer is inversely proportional to the coupling length scaled to wavelength. Typical fiber compatible directional couplers have coupling lengths that range from 10 mm to 1 mm. With such coupling lengths at a wavelength of 1.55 µm, the required index change in the polymer ranges from 1.5x10 -4 to 1.5x10 -3 , which corresponds in glassy polymers to a core temperatures increase of only 1.5 to 15 degrees. A similar analysis of the required power dissipation as for the Mach Zehnder interferometer yields a value of about 14 mW.
Hybrid polymer/silica integration is well suited for vertically stacked layer structures. After silica-on-silicon channel waveguide fabrication, polymer waveguide channels can easily be defined onto the silica top cladding. An elegant directional coupler switch structure as shown in fig. 4 was reported by Keil et al. In their approach in-plane silica channels are coupled via short bridging polymer channels that lie on top of the silica channels. Tuning the effective index changes differentially by heaters on top of the polymer channels induces the vertical directional coupling between the channels. In fact it is a vertical version of the structure as shown in fig. 2 . The required switching power per coupler was 40 mW (two heaters have to be activated for switching). The insertion loss of a 1x2 switch was 1.5 dB and the crosstalk -32 dB. This can be approximated by the following equation:
POLYMER CLADDINGS ON SILICA WAVEGUIDES
where dn silica /dT is the thermo-optic coefficient of the silica core, dn polymer /dT is the thermo-optic coefficient of the polymer cladding and Γ is the confinement factor of the mode. The latter depends on the refractive index difference between the core and the cladding. Therefore, in order to satisfy the condition for athermal behavior over a broad temperature range, the polymer cladding refractive index should not vary very rapidly. This favors the use of glassy polymers with relatively low thermo-optic coefficients. In that case a confinement factor of about 0.88 would be required. Such confinements can easily be created in fiber compatible single-mode waveguides by tuning the polymer cladding refractive index. We have realized an athermal AWG using rubbery polymer claddings. 13 Fig . 5 shows the temperature dependence of the fiber-compatible 16x16 AWG with 100 GHz channel spacing. The core is a 6x6µm Ge-doped silica channel with n silica =1.4534. The bottom cladding is 16 µm thick silica with n silica =1.445 and the rubbery polymer cladding is a 15 µm thick layer with n polymer =1.445 @ 20ºC and dn polymer /dT= - From fig. 5 it can be concluded that the thermo-optic coefficient of the polymer cladding is too large. At the high temperature end, the polymer cladding refractive index has become so low, that the mode is confined almost completely in the core and this results in a temperature dependence that is determined only by the silica thermo-optic coefficient. At the low temperature end, the refractive index of the polymer cladding is approaching the silica core index and the mode starts to penetrate strongly in the polymer cladding. This results in a temperature dependence that is determined largely by the polymer thermo-optic coefficient. An additional beneficial effect of the polymer cladding is the stress relieve of the core by the embedding in the low Young's modulus polymer cladding. This results in a vanishing birefringence in the waveguide core and consequently a reduced polarization dependence of the AWG response. The residual polarization dependence as shown in fig. 5 , can be traced back to the birefringence (3x10 -4 ) in the polymer cladding. Therefore, by applying a glassy, low birefringent polymer cladding we could reduce the temperature sensitivity and the polarization dependence of the AWG further than that what is shown in fig.5 .
Polymer clad silica channels can be applied for switching applications also. We have demonstrated a non-planar waveguide switch based on fused fiber. 14 The cross section of the device is shown in fig. 6 . Weakly fused couplers having a dumbbell cross-section with fiber diameters reduced to 8µm were embedded in a silicone rubber with refractive index (@ 1.3 µm) n polymer = 1.3996 which is of 0.5 lower than the fused fibers (n silica =1.4467). The coupler was placed onto a printed circuit board containing copper heaters stripes to confine the coupling region (5 mm long) of the coupler and to provide a way to change the refractive index of the polymer cladding. It was shown that the device could be switched completely at a power dissipation of about 1 W. The insertion loss was less than 0.1 dB. The coupling coefficient, C, of a weakly fused coupler can be described by the following equation:
where a is the core diameter. The condition for switching is:
where ∆C is the thermo-optically induced change in the coupling coefficient due to the change in the refractive index of the polymer cladding and, to a lesser degree, the silica core. For the devices as realized, the equation predicts a required increase of the cladding temperature of only a few degrees to induce switching. The large distance between the heaters and the cores and the heat leakage via the thick copper heaters explain the relatively high power dissipation that was found experimentally. A simple way to improve this can be derived from the equation for the coupling constant. By tuning the polymer index closer to the silica index, a large reduction in power dissipation can be obtained. The distance between the core and the heaters and the heat leakage via the heaters can be reduced easily when a planar waveguide technology is applied as shown in fig. 7 . Fig. 7 : Hybrid directional coupler switch using a polymer cladding Such a device is claimed in a European patent by Bosc at. al. 16 A simple-to-realize thermo-optic attenuator based on a silica core with a polymer cladding can be obtained by stretching an optical fiber in a flame such that the diameter is reduced to several microns. By applying a polymer cladding with a higher refractive index onto the stretched section, the resultant waveguide will become leaky. Fig. 8 shows the cross section of such a device. However by increasing the temperature of the cladding such that the refractive index of the polymer cladding drops below the silica core, the structure becomes a low-loss waveguide. This temperature increase could be induced by providing the substrate with heaters. Fig. 9 shows the temperature dependence of the insertion loss of such a stretched fiber (@ 1.55 µm) embedded in a silicone polymer cladding with dn polymer /dT= -3.3x10 -4 . It can be seen that around 125 ºC the insertion loss can be changed from -40 dB to less than 2 dB in a temperature range of only 10 degrees. The transition temperature can be selected by tuning the polymer refractive index. A drawback of this device is the presence of oscillations in the attenuation characteristic. This makes the device more suitable for shutter applications than for variable attenuator applications. The origin of these oscillations lies in the directional coupling between the coaxial rod and the tube waveguides formed by the fiber core and cladding in the transition region between the original fiber and the stretched fiber. A planar waveguide version of the device described above consisting of a silica-on-silicon waveguide having a core that is locally provided with a polymer cladding is presented in 18 . Its schematically structure is shown in fig. 10 . This device has a smooth attenuation characteristic that ranges from -22 dB at low temperatures to 2.5 dB at high temperatures. The excess loss of a bent waveguide has a strong dependence on refractive index contrast below a certain critical value of this contrast. 19 This effect can be utilized in polymer clad bent silica waveguides or polymer channel waveguides embedded in silica to create efficient thermo-optic variable attenuators or shutters. 20 A schematically structure is shown in fig. 11 . The polymer cladding has a small refractive index difference with the core in absence of thermal activation. The device is designed to be in the high loss state then. Upon activation by the heater, the contrast increases and the bend loss drops to a low value. Proc. of SPIE Vol. 4947 99 The alternative structure as shown in fig. 12 switches from the low loss state to the high loss state upon activation of the heater. The hybrid bent channel attenuator has been analyzed and realized in the structure as shown in fig. 12 using a siliconoxynitride technology. 21 For fiber compatible channels (5x5 µm, contrast 0.006) the theoretically required refractive index change of the polymer to obtain 30 dB attenuation is about 10 -3 for a device length of 9 mm. This index change corresponds to a (glassy) polymer temperature increase of only 10 degrees. The experimental device required more than 1 W to attenuate by 30 dB. This high value can be explained by refractive index lowering of polymer top cladding counteracting the loss of effective index contrast. In addition, the polymer top cladding acts a thermal insulator for the core. There will be ea relatively large temperature drop across the top cladding due to its low thermal conductivity compared that of to silica. Finally, the polymer core thermal expansion and the refractive index change associated with that are restricted by the stiff silica cavity walls. It is therefore expected that the structure of fig. 11 would behave more efficiently.
CONCLUSIONS
In this paper we have presented a number of hybrid optical waveguide devices based on polymers and silica. It is shown that the excellent thermo-optic properties of polymers can be combined with the superior waveguiding properties of silica resulting in devices with enhanced performance. In addition it is shown that the hybrid integration can take advantage of the largely different thermo-optic properties of both classes of materials to make devices that are either highly temperature sensitive or insensitive (athermal). It must be mentioned however, that all switches and attenuators described in this paper, with the exception of the hybrid Mach Zehnder interferometer, are sensitive for ambient temperature changes. Therefore, temperature stabilization would be required to allow for practical applications. That limits their application to high-end applications or to ambient temperature tolerant applications, such as shuttering or variable attenuation with closed-loop control.
